Virginia Commonwealth University

VCU Scholars Compass
Theses and Dissertations

Graduate School

2016

THE ROLE OF E-CADHERIN FORCE IN THE MAINTENANCE OF
HOMEOSTASIS IN EPITHELIAL ACINI
FNU Vani Narayanan
Virginia Commonwealth University, Richmond, VA

Follow this and additional works at: https://scholarscompass.vcu.edu/etd
Part of the Biological Engineering Commons, Biotechnology Commons, Cancer Biology Commons,
Cell Biology Commons, Molecular, Cellular, and Tissue Engineering Commons, Molecular Genetics
Commons, and the Other Biomedical Engineering and Bioengineering Commons
© The Author

Downloaded from
https://scholarscompass.vcu.edu/etd/4179

This Thesis is brought to you for free and open access by the Graduate School at VCU Scholars Compass. It has
been accepted for inclusion in Theses and Dissertations by an authorized administrator of VCU Scholars Compass.
For more information, please contact libcompass@vcu.edu.

©

Vani Narayanan
All Rights Reserved

2016

THE ROLE OF E-CADHERIN FORCE IN THE MAINTENANCE OF HOMEOSTASIS IN
EPITHELIAL ACINI

A thesis submitted in partial fulfillment of the requirements for the degree of Master of
Science at Virginia Commonwealth University.

by
Vani Narayanan, B.S.
University of Calicut, India, 2005

Director: Daniel Conway, Ph.D.,
Assistant Professor
Department of Biomedical Engineering

Virginia Commonwealth University
Richmond, Virginia
May, 2016

Acknowledgements
I would like to extend my heartfelt gratitude to all those who helped and supported me on this
endeavor. First and foremost, I would like to extend my sincerest gratitude to Dr. Daniel
Conway, my thesis committee chairman and advisor, whose expertise, understanding, and
patience added considerably to my graduate experience. I am extremely grateful to Dr. Conway
for his valuable guidance, and most of all, for giving me this great opportunity to foster my
research interests in the field of mechanobiology and cancer. I doubt that I will ever be able to
convey my appreciation fully, but I owe him my eternal gratitude. It has been a great pleasure to
investigate the issue presented in this paper and to contribute to the growth of such an
expansive field of science. I would also like to extend my deepest thanks to the members of my
committee, Dr. Christopher Lemmon and Dr. Lynne Elmore, for their valuable feedback and
assistance at every stage of this research project. The support and encouragement provided by
Dr. Lemmon and Dr. Elmore gave me the opportunity to participate in other studies that
expanded my insight in this advancing field of science, and widened my skill set as a growing
researcher. I am extremely grateful to Lauren Griggs and Lewis Scott from Dr. Lemmon’s lab for
their valuable feedback and support throughout this endeavor. Additionally, I am grateful to my
fellow lab researchers, Paul Arsenovic and Abhinav Mohan, who were always willing to offer
support and encouragement when most needed. I would also like to thank my parents and
brother for their everlasting support and encouragement throughout, without which this
accomplishment would have been farsighted. Finally, special recognition goes to my beloved
husband Nishanth, and my two children, Aditi and Arjun, whose selfless support and motivation
kept me on track and helped me through my pursuit of learning.

2

Abstract

THE ROLE OF E-CADHERIN FORCE IN THE MAINTENANCE OF HOMEOSTASIS IN
EPITHELIAL ACINI.
Vani Narayanan
A thesis submitted in partial fulfillment of the requirements for the degree of Master of
Science at Virginia Commonwealth University.
Virginia Commonwealth University, 2016.
Major Director: Daniel Conway, Ph.D., Assistant Professor, Department of
Biomedical Engineering
Numerous three-dimensional model systems have emerged for emulating the biochemical and
physiological states of native tissue. Yet little is known about the effects of mechanical forces on
cell behavior in the context of an organized tissue structure in three-dimensional cell-culture.
Epithelial cells cultured in a three-dimensional environment comprised of extracellular matrix
proteins form spheroids of polarized cells. Cellular responses to mechanical cues, generated
from dynamic interactions with the extracellular matrix and neighboring cells, are known to
influence cellular behavior to a great extent. Previous studies have shown that tumorigenic
progression has been frequently linked to the down regulation of E-cadherin, a cell-cell
adhesion protein. This work proposes that E-cadherin plays a pivotal role in maintaining
epithelial tissue integrity and homeostasis. Novel FRET-based biosensors were used to
measure force across E-cadherin. First, I observed that 3D acini had significantly higher force
than 2D monolayers.

Next, I determined that low-force mutant phenotypes of E-cadherin

resulted in impaired lumen formation. In order to examine the effects of E-cadherin force on the
disruption of homeostasis, TGF-β was used to induce epithelial to mesenchymal transition
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(EMT). TGF-β resulted in a decrease in E-cadherin force, even at early time points prior to
transcriptional changes. Forskolin, a known regulator of acini lumen size, was shown to
increase E-cadherin force. Furthermore, forskolin was able to prevent TGF-β disruptions in
acini homeostasis. Finally, I examined how changes in substrate stiffness, known to affect acini
lumen structure, altered E-cadherin forces. Stiffer substrates (mediated by collagen doping of
Matrigel) delivered higher E-cadherin forces while simultaneously including acinar luminal filling.
It is possible that signaling through non-junction forces, due to changes in ECM proteins, may
mediate loss of the lumen. Thus, the major conclusion of these studies is that higher E-cadherin
force is required for the formation and maintenance of a single central lumen in epithelial acini.
Lower junctional forces induced acinar luminal filling, possibly through disruption in the polarity
and subsequent cellular reorganization. This work, thus, establishes the role of E-cadherin as a
key regulator of tissue homeostasis.
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Chapter 1: Introduction

Michael Denton, a molecular biologist and secular critique of orthodox Darwinism, argued that
the ‘theory of evolution’ is in fact a ‘theory in crisis’1. Irrespective of the degree of complexity, a
common trend of any cellular system is to maintain homeostasis. Disruptions in homeostasis
within the native tissue are known to influence morphogenesis and disease progression. A vast
majority of cancer arises from disruptions in the epithelia. In complex tissues such as the breast,
lung and kidney, the epithelium acts a barrier between the internal and external environments.
As these cells interact with their neighboring counterparts and the surrounding extra-cellular
matrix components, they strive to establish and maintain polarity as well as structural
integrity2,3,4. Maintenance of the apical basal polarity in epithelial cells is crucial in sustaining
morphogenesis as well as the normal functioning within that system. The Cadherin family of
trans membrane adhesion molecules is known to interact with their neighboring cells via their
extracellular domains, thereby serving as an organizational platform5,6,7. The cell-cell adhesion
molecules play a critical role during development and morphogenesis thereby serving as a
significant mechanotransducer within cells.
Recent studies performed on two-dimensional substrates have shown that E-cadherin functions
as a potent mechanotransducer between neighboring cells in contact, and actively responds to
mechanical cues within their environment10. As opposed to culturing cells in planar substrates,
cells grown in three-dimensional models behave differently in morphology, migration as well as
differentiation modes. Epithelial cells on two-dimensional substrates form sheet-like monolayers
that are anchored to the basement membrane, while those cultured in three-dimensional model
systems form polarized spheroids with a single central lumen. The polarized spheroids closely
resemble epithelial acini structures in vivo19,20. Although three dimensional model systems
involving culturing cells in collagen or a softer matrix such as MatrigelTM have been in use for a
7

while, their scope has been limited to immunofluorescence studies11,12,44,46. A significant
progress in the field of mechanobiology involves the use of hydrogels containing fluorescent
beads. This technique has been helpful in measuring cellular traction forces in a more native 3D
environment13,14. Yet, to date there has not been any measurement of cell-cell adhesion forces
in these three dimensional model systems. Thus, the goal of this work is to measure E-cadherin
forces in 3D acini to determine if E-cadherin forces regulate epithelial tissue integrity and
homeostasis.
Forskolin, a cAMP-activator, has been previously shown to increase swelling of the lumen in
organoids21. The increase in swelling is due to an increase in luminal pressure via an osmotic
gradient that results in fluid secretion, and thereby increases the size of the lumen. It has been
previously studied and observed that forskolin-induced luminal swelling is greatly dependent on
the chloride channel, also known as CFTR (cystic fibrosis transmembrane regulator)21,22.
Certain diseases such as cystic fibrosis involve mutations in the gene that codes for the specific
chloride channel; CFTR, and are known to be linked with the dysfunctioning of the chloride
channel thereby leading to impairments in luminal fluid formation and composition. CFTR is the
predominant route for chloride secretion in response to chemical agents such as forskolin and
several others via cAMP/PKA activation. The extent to which CFTR is phosphorylated governs
the chloride ion transepithelial transport, which in turn ultimately regulates the osmotic water
flow23. However, there exists a lack of evidence on the role of E-cadherin force with the increase
in luminal pressure and its subsequent maintenance of the single central lumen. Although prior
studies have shown that the use of chloride channel inhibitors such as CFTR (inh)-172 results in
the shrinkage of lumen size57, the role of E-cadherin in association with lumen size remains
unexplored.
The epithelia that serve as a coherent and effective barrier between the interior of organs and
the exterior possess several distinct characteristics such as apical-basal polarity, specialized
8

cell-cell adhesions at the junctions together with being tethered to an underlying basement
membrane. All these features that make it an intact and well-organized system contribute to the
maintenance of tissue homeostasis within that environment. Disruptions in such well-ordered
systems contribute to pathogenesis of tumors in epithelia. Numerous studies have shown that
disruptions in tissue homeostasis that result in tumorigenesis and subsequent metastases are
often linked with the down regulation of E-cadherin40. The calcium dependent cell-cell adhesion
molecule is known to suppress contact inhibition of locomotion, which otherwise is essential for
cells to undergo EMT. The loss of E-cadherin, a known hallmark of EMT, has been previously
shown to result in a redistribution of cell-cell junction forces to the cell-matrix focal adhesions,
thereby contributing to the eventual breakdown of the cadherin junctions, as a response to EMT
24,25

. Transforming growth factor (TGF-β) induces epithelial to mesenchymal transition (EMT) by

up regulating the expression of a number of mesenchymal markers namely N-cadherin,
fibronectin and vimentin that account for increased motility, together with simultaneous down
regulation of the epithelial markers such as E-cadherin64,70. Although E-cadherin down
regulation as a result of TGF-β-induced EMT has been reported previously as discussed above,
the effect of mechanical forces via E-cadherin at the cell-cell junctions during EMT remains to
be elucidated. In this work, we have analyzed the effect of TGF-β-induced EMT on E-cadherin
force in order to better understand the mechanics of EMT in relation to homeostasis.

An extension of this research work involved E-cadherin force measurements on substrates of
varying stiffness. Based on previous literature involving experiments used to study malignant
transformations in relation to matrix stiffness, it has been observed that with increased stiffness,
there exists an increase in acinar luminal filling accompanied by disruption in polarity26.
Epithelial cancer progression involves various modifications within the tumor microenvironment
involving the stiffening of the matrix as the collagen in the matrix is increasingly linearized.
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Prevailing theories suggest that focal adhesion points for the integrins in tumor cells within the
stroma increase with an increase in matrix stiffness26,71. An alternative hypothesis in the context
of this work would be an exertion of resistive forces at the cell-cell junctions by the tumor stroma
itself. In our work, we performed E-cadherin force measurements using FRET force sensors in
order to quantify the failure in lumen clearance based on E-cadherin force. Through repeated
experiments over varying stiffness, which involved doping the soft MatrigelTM matrix with
collagen that is stiffer in constituency, we measured E-cadherin force at the cell-cell junctions
together with luminal clearance.
Through this work we propose to establish the role of E-cadherin in maintaining tissue
homeostasis, thereby, allowing us to further understand the importance of an intact, wellordered epithelial architecture within our complex system.
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Chapter 2: Background and Literature Review
2.1. Epithelial acini formation
Three-dimensional culture systems as opposed to the two-dimensional models has aided in
effectively recapitulating the tissue architecture of complex organoids and multi-cellular tumor
spheroids in vivo45. Cells grown in three-dimensional culture systems on a reconstituted
basement membrane exhibit a different behavior to that of those grown on two-dimensional
substrates44. The hallmark of benign epithelial acinar structures is the formation of polarized
layers of epithelia that surround the lumen in such a way that the apical membrane faces toward
the lumen and the basal cytoplasm faces away from the lumen, resting on the basement
membrane. However, a significant loss of polarity is seen in several invasive carcinomas64 as
well as disease conditions such as cystic fibrosis94,95. These disease conditions are further
characterized by cellular arrangements within the acini, and in some cases, subsequent
infiltration into the surrounding matrix93.
Apical basal polarization becomes more evident during the initial stages of three-dimensional
culture. During morphogenesis, each acinus is formed in such a way that there exists no matrix
within the spheroid. A polarized outer cellular layer, which is in direct contact with the
extracellular matrix, and the inner cells that lack matrix contact, symbolizes three-dimensional
acinar formation45. In a period of 7 days, the inner cells that lack contact with the matrix undergo
apoptosis owing to reorganization of the α6-intergrin to the periphery during acinar
morphogenesis46. Debanath et.al, 2005, demonstrated that the outer cell populations in
comparison to the inner cells, showed an increase in AKT survival signaling. Additionally they
showed the expression of active caspase 3 in the cells located centrally, thereby confirming
apoptosis. Thus, the single central lumen formation in epithelial acinar structures can be
attributed to various signaling pathways that allow for the survival of cells in the outer layer such
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as the AKT signaling cascade. Conversely, the centrally located inner cells are known to
undergo ECM-detachment mediated apoptosis or anoikis47,48.

One of the major determinants of cell survival is cell-matrix attachment through integrins. These
transmembrane proteins aid in establishing focal adhesion points between cells and their matrix
components thereby facilitating effective cellular communication. Recent evidence has shown
that a lack of integrin engagement with the ECM results in a strong activation of the proapoptotic BH-3 only family of proteins; Bcl-2 interacting mediator of cell death, commonly
abbreviated as Bim, and Bcl-2 modifying factor (Bmf)48. Bim is a key regulator of detachmentinduced apoptosis, also known as anoikis. It is understood that ECM detachment for the inner
cells within the epithelial spheroid results in the down regulation of the epidermal growth factor
receptor (EGFR), thereby blocking the mitogen-activated protein kinase (MAPK) signaling
cascade48. Prior studies suggest that redistribution of the α6-intergrin along the periphery of the
acinus as a result of polarization is regulated by c-AMP49. Additionally, c-AMP is known to
elevate the levels of the pro-apoptotic protein Bim48,49. Therefore, integrins play an important
part in regulating epithelial acinar lumen formation and homeostasis.

Increased levels of Bim regulate luminal clearance in epithelial acini during acinar
morphogenesis, thereby resulting in a single central lumen47,48,51. The lack of ECM attachment,
in turn, strongly induces the pro-apoptotic protein Bim, which thereby assists in lumen clearance
via anoikis48,80. The effects of c-AMP will be further understood and demonstrated in this work
through the use of forskolin. Forskolin is known to elevate the levels of c-AMP and thereby
results in an increase in chloride influx and subsequent Protein kinase A (PKA) activation50-51.
PKA is known to be involved with post-translational stabilization of the pro-apoptotic protein
Bim, which is a critical mediator of apoptosis51,78. One of the main isoforms of Bim, BimEL, which
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is sequestered at the post-translational level is known to be phosphorylated by PKA, thereby
stabilizing the Bim protein and protecting it from proteosomal degradation. The PKA stabilization
of the Bim protein, thus promotes apoptosis51 and subsequent luminal clearance.

Among other agents that have been previously demonstrated to elevate c-AMP levels and
thereby result in luminal clearance is, isoproterenol (ISO), a β- adrenergic agonist. ISO works
effectively in raising cAMP levels, owing to the subsequent activation of the Gs-protein coupled
receptors following PKA activation55. Although, 2D monolayers involve apicobasal polarization,
the events that occur during epithelial acinar morphogenesis are far more complex. The
formation of epithelial acini thus involves a series of events that ultimately result in an outer
layer of polarized cells encasing a hollow lumen.

2.2. Lumen pressure regulates epithelial acini size
Forskolin, a naturally occurring diterpene is derived from the Coleus forskholii plant. It is
extensively used in biochemistry and research, and has been shown to increase intracellular
cyclic AMP (cAMP) levels96,97,98. Heterotrimeric G-proteins on the cell membrane surface,
dissociate into G-α and G-β, γ subunits, upon receptor activation54. Upon binding to forskolin at
a pseudo-substrate site (affinity constant, KD=0.1uM)53, the enzyme adenylyl cyclase synergizes
with the activated Gs-α subunit, thus leading to the activation of the downstream pathway,
which leads to an increase in the cAMP levels from ATP within the cell50. The absence of Gs-α
protein causes the affinity for forskolin binding to adenylyl cyclase to drop to about 40uM53. The
elevated cAMP levels, in turn, activate the normally inactivated PKA, thereby governing the
different transcriptional events that follow52-53.
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In the context of 3D culture systems, the effect of forskolin is profound. With the subsequent
activation of PKA via the adenylyl cyclase pathway, the luminal pressure has been previously
shown to increase in response to an osmotic gradient created by the electrical driving force of
the CFTR82, as shown in Fig.1. In certain diseases such as cystic fibrosis, mutations in the gene
that codes for the specific chloride channel; CFTR or other defects in the channel, are known to
be linked with the dysfunctioning of the chloride channel thereby leading to impairments in
luminal fluid formation and composition56. CFTR is the predominant route for chloride secretion
in response to chemical agents such as forskolin and several others via cAMP/PKA activation81.
PKA is known to phosphorylate CFTR at the central regulatory region, thus enabling the
opening and closing of the channel. Together with regulating the gating of the chloride channel
for chloride secretion, the activation of PKA via the binding and subsequent activation of
adenylyl cyclase, causes the post-translational stabilization of Bim51,56, as discussed in the
previous section.

The apical membrane anion channel, CFTR, regulates chloride secretion, together with
bicarbonate as well as small amounts of other anions. The electrochemical gradient for
secondary anion secretion such as the apical chloride ion exit is regulated primarily by the
basolateral Na/K pump together with K channels on the basolateral membrane. The membrane
potential is thus created by leakage of potassium (K), thereby raising the K conductance and
creating an electrical driving force for the chloride exit via CFTR. Blocking the chloride channel,
CFTR, by various inhibitors such as CFTR(inh)-172, barium and GlyH-101, results in
subsequent shrinkage of the acini, as observed in previous literature57. Although the decrease in
chloride influx as well as shrinkage has been observed previously, force measurements at the
junctions of cell-cell contact within the acini have not been explored. In this study, we have been
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able to show the effect of forskolin on E-cadherin force at the cell-cell junctions, which maintains
a single central lumen.
Elevated levels of cAMP, a second messenger known to regulate the function of fibroblasts, has
been previously shown to prevent epithelial to mesenchymal transition59,99, by a downstream
PKA-independent route (c-AMP/Epac1/Rap1 signaling) and/ or PKA-dependent pathway, which
involves activation of PKA by cAMP and subsequent phosphorylation of CFTR58,59,117,118. CFTR,
the chloride ion channel, essential for transepithelial fluid transport is phosphorylated by PKA
and PKC at numerous consensus sites in its central regulatory domain (R). The activation of
CFTR involves gating of the channel, which is tightly controlled by direct phosphorylation of
PKA, along with ATP hydrolysis118,119. On the other hand, the PKA-independent pathway
involves a guanine nucleotide exchange protein, Epac for the small GTPase Rap1 and is known
to mediate several cellular responses such as cell-cell adhesions121,122,123, migration,
proliferation and apoptosis via Rap158,133. Previous literature demonstrates the anti-fibrotic effect
of Exchange protein directly activated by cAMP (Epac), that is PKA independent, wherein, it
interacts with the TGF-β receptor (TGFR1) thereby preventing the phosphorylation of Smad2
and subsequent nuclear transcriptional processes59. The PKA-dependent route involves the
transcription co-activator CREB, which aids in inhibiting Smad phosphorylation as well. This, in
turn, prevents the decrease in expression of E-cadherin together with preventing EMT, thereby
suggesting the role of chemical signaling as opposed to dependence on lumen pressure alone.
Based on previous literature discussed herein, it can be understood that forskolin plays a vital
role in elevating cAMP levels, which in turn aid in preventing disruptive processes such as EMT.
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Figure.1. Forskolin and its effects. Forskolin (FSK) activates adenylyl cyclase (AC), an enzyme
on the plasma membrane, which is known to activate a downstream signaling cascade thereby
activating the normally inactive protein kinase A (PKA). Activation of AC increases cAMP levels,
which in turn activates the CFTR channel thereby increasing the chloride ion influx. The chloride
influx can also be attributed to the K ion leakage that causes the K ion conductance to increase.
The influx of chloride ions brings the K conductance to equilibrium potential and is known to
create an osmotic water flow, which in turn increases luminal pressure and thus lumen size.
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2.3. Epithelial to mesenchymal transition and its effects on acini homeostasis
Different tissues and organs in living organisms undergo a series of transformations during
development, from the epithelial to the mesenchymal state and vice-versa. The process of
transforming epithelial cells into the mesenchymal state is commonly known as epithelial to
mesenchymal transition (EMT), and the reverse process is mesenchymal to epithelial transition
(MET). Cells that comprise the epithelia have a strong tendency to form polarized sheets of cells
that maintain apicobasal polarity, simultaneously establishing strong cell-cell contacts as well as
cell-matrix contacts within the environment. The strong cell-cell adhesions and various functions
performed by the epithelia are attributed to the logical arrangements of various transmembrane
junction proteins such as tight junctions, adherens junctions, and desmosomes27,28,83. On the
other hand, mesenchymal cells that lack apicobasal polarity and strong adhesions at the cellcell as well as the cell-matrix junctions are more migratory and invasive in nature60-61.

Several molecular markers that show an increase in expression during EMT (such as Twist,
Snail, N-cadherin, vimentin and fibronectin) are commonly used to symbolize the EMT process
that involves significant morphological changes, decrease in cellular adhesion63 and, increase in
the migratory capacity. The classical adherens junction protein, E-cadherin that plays a vital role
in maintaining cell-cell junctions and overall homeostasis, is down-regulated during EMT69.
Recent studies have linked E-cadherin down-regulation with the phosphorylation of β-catenin
via the Wnt signaling cascade62. This event, in turn, prevents the interaction of E-cadherin with
α-catenin, which is linked to the actomyosin cytoskeleton. As a result, the normal function of
cadherin complexes at the cell-cell junctions is compromised. During the adherens junction
disassembly, the actin cytoskeleton reorganizes itself into actin stress fibers that localize at the
focal adhesion points. Another interesting hallmark of EMT is the resistance of cells to
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apoptosis. Resistance to apoptosis further contributes to the invasive capacity of the
mesenchymal state especially during tumorigenesis and subsequent metastases61, 63.

2.3.a. The role of TGF-β
TGF-β, a superfamily of peptides existing in three isoforms, TGF-β 1-3, are involved with
several important functions within the organism, such as cellular differentiation, proliferation,
and apoptosis. Owing to the very high affinity of the TGF-β ligand to its cell surface receptors, it
is secreted into the extra-cellular matrix in an inactive form bound to a latency-associated
peptide (LAP). Activation of the inactive TGF-β involves the degradation of the latencyassociated protein (LAP) by proteases in extra-cellular matrix such as matrix metalloproteinases
(MMPs) that include MMP-2, -9 and several others. Most of these proteases are activated in
times of inflammatory conditions such as injury or fibrotic diseases such as cancer, where they
allow the release of TGF-β from LAP and its subsequent activation68,70.

TGF-β is known to function dually; as a tumor suppressor via its apoptotic effect, and as a tumor
promoter wherein EMT is induced thereby allowing progression of malignant transformation.
Polarity during EMT is not completely lost; in fact, migratory cells in the mesenchymal state
undergo cytoskeletal reorganization in order to allow cell migration. TGF-β is shown to play a
crucial role in EMT and is also known to be involved with changes in the apicobasal polarity
during this transforming process. Loss of apicobasal polarity during EMT can be attributed to the
effect of TGF-β in disrupting the polarity complex formed by the three highly conserved polarity
proteins Par-3, Par-6 and atypical protein kinase C64. Partitioning-defective 6 (Par-6) has been
previously documented to have a profound effect on EMT via the TGF-β/Par-6 pathway65,
wherein, E3 ubiquitin ligase Smurf1 is recruited to the tight junctions upon the disruption of the
polarity complex and leads to subsequent Par-6 phosphorylation. This event, in turn, promotes
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the local degradation of Rho-A at the junctions90, thereby disrupting the intercellular junctions
and remodeling the cytoskeletal structure64, 65.

Several growth factors, cytokines, as well as proteases are known to play a potent role during
EMT. TGF-β is one such ligand that triggers a downstream signaling cascade by commencing
the oligomerization of the type I and type II receptors, which are serine/threonine kinases, upon
ligand binding68. The receptor activation at the cell surface, in turn, regulates phosphorylation
events for the Smads, which are translocated to the nucleus and contribute to gene
transcription. Smurf E3 ubiquitin ligases and USP4/11/15 deubiquitinases, on a further note,
regulate the stability of the TGF-β receptors as well as the Smads66,67. In this work, we have
used TGF-β1 to induce EMT in the epithelial acini grown in growth factor reduced MatrigelTM,
and have noticed several changes in the acinar lumen as well as E-cadherin force
measurements.
2.4. Role of matrix stiffness on homeostasis
Epithelial cells maintain a polarized phenotype on soft substrates by closely regulating various
processes that control cell proliferation, differentiation and cell survival85. Adhesive forces at the
cell-cell junctions as well as the forces generated within the extra cellular matrix on the
basement membrane govern the fate of epithelial morphogenesis and tissue integrity. The
biomechanical cues generated within a stiffer stroma vary greatly in comparison to softer
tissues84,85. Cells on stiffer tissue acquire a broader morphology as opposed to those on soft
substrates. Stiffer matrices have been previously noted to involve cells that are more spread out
in nature owing to an increased expression of integrins that play an important role in cell
migration and survival71,73. With the accumulation of actin stress fibers, higher traction forces are
generated within the extra-cellular matrix allowing cells to migrate and become invasive.
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Tumor cell invasion and metastases are hallmarks of cancer that are the leading causes for
death in cancer patients. EMT induced by cytokines such as TGF-β are often disrupted in
malignant tumors and involve the up-regulation of collagen type I and type II, allowing the most
abundant protein in the body to be linearized during EMT68. During tumorigenesis, the matrix
surrounding the cells increases in stiffness thereby promoting focal adhesion assembly and
clustering of integrins71,73. The contractile forces generated as a consequence, are transmitted
to the extra cellular matrix within the environment. This can be due to the increased activity of
Rho GTPases and ERK-mediated acto-myosin contractility that account for compression forces
exerted on the cells within the stroma72. In this regard, the gene expression is altered followed
by MMP-induced cytoskeletal remodeling75. The occurrence of acinar luminal filling in epithelial
acini with increase in matrix stiffness, as previously documented by Weaver et al. (2008), can
be linked to cytoskeletal remodeling, loss of polarity and resistance to apoptosis.
Considering Newton’s universal law of action, resistive forces by the cells, on the tissue
surrounding them, contradict the compression forces exerted on the cells within the
stroma72,112,114. The tensional forces exerted on the cells within the microenvironment are known
to affect the cell-cell junctions as well74. Among the cell-cell junction proteins that are involved in
maintaining homeostasis within the cellular system, E-cadherin is known to be increasingly
sensitive to homeostasis disruptions86,87. Although, traction forces have been recently measured
under various experimental settings, and is known to increase with an increase in substrate
stiffness89, the effect of stiffness on E-cadherin is not clearly understood.
2.5. Adherens junction proteins and the role of force on E-cadherin
Cells throughout the human body are subjected to mechanical forces that are known to have an
impact on the cellular organization within tissues and organs. Several mechanisms at the
cellular level are known to interfere with the mechanical cues in order to maintain tissue integrity

20

and homeostasis. Apart from external forces applied to the cellular environment, internal
adhesive forces that occur between neighboring cells and with their extra-cellular matrix
components are essential in order to resist disruption and subsequent dissociation into their
respective constituent cells. In order to maintain stability, strong cell-cell contacts are essential
and play an integral part in establishing subsequent polarized tissue architecture. One such
group of strong cell-cell adhesion complexes is the adherens junctions that contribute to the
maintenance of structural integrity and tissue homeostasis, during embryonic development and
morphogenesis27. These specialized cell-cell junction complexes are involved in signaling
mechanisms, contractility which involves the actomyosin cytoskeleton, and gene transcription.
Cadherins are a large family of adherens junction proteins that are classified into classical
cadherins of type I, closely related cadherins of type II, desmosomal cadherins, proto-cadherins,
and a number of other cadherin-related molecules30. The classical cadherins are core adherens
junction proteins that are calcium-dependent transmembrane cell-cell adhesion molecules
comprising of two or more extra-cellular domains. The highly conserved intracellular domains of
such cell-cell adhesion molecules interact with the catenin family members, also commonly
categorized as the catenins29. The cytoplasmic tail of cadherins bind to p120 and β-catenin,
which in turn provides anchorage for α-catenin that otherwise seldom binds to the cadherin
molecule by itself27. Vinculin interacts with cell adhesion molecules via actin filaments, thereby
playing an important role in mediating cell morphology and mechanotransduction108,120.
It has been previously demonstrated that α-catenin is known to activate vinculin by binding in its
head region in the presence of an A50I substitution in the head region of vinculin33. This
substitution is also known to block β-catenin binding of vinculin32,33. Additionally, the interaction
between vinculin and β-catenin is known to play a crucial role in E-cadherin expression at the
adhesion sites. On this aspect, loss in vinculin from the cell-cell adhesion sites has been
previously shown to pose an ill effect on patients with epithelial cancers31. β-catenin is also
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known to play an important role in Wnt signaling pathway by being up regulated and trans
located to the nucleus, which however involves the prior separation of p120 from the complex.
The catenin p120 that binds to the juxtamembrane domain aids in inhibiting the Wnt signaling
pathway, thereby regulating the cell-adhesion properties of all cadherins allowing surface
stability. E-cadherin endocytosis and subsequent degradation is thus prevented in part by the
catenin p120. It is thereby required for E-cadherin exocytosis. Previous literature has shown that
loss of p120 is associated with decrease in E-cadherin expression, hence affecting cadherin
stability at the cell-cell junctions34,35. Accordingly, the catenin family members play an integral
part in regulating E-cadherin expression and cell-cell junction stability, thereby contributing to
tissue homeostasis.
E-cadherin is a calcium-dependent cell-cell adhesion molecule that plays an intrinsic role during
epithelial morphogenesis by actively responding to mechanical cues from opposing cells as well
as their surrounding extracellular matrix. These glycoproteins achieve the role of mechanical
coupling by actively distributing forces in a manner that contributes to efficient cell
reorganization within its neighborhood so as to maintain tissue integrity36,37. E-cadherin, as a
complex mechanotransducer, senses mechanical cues such as changes in tension within the
environment and subsequently prompts adaptive reinforcement at the cell-cell junctions36. As a
force-sensitive receptor, E-cadherin allows neighboring cells to communicate with each other in
response to changes in their microenvironment.
Prior studies have implicated a subsequent up-regulation of E-cadherin at the cell-cell junctions
during cellular contractility and cell-cell adhesions via biomechanical pathways37. However, any
dysfunctioning of the cell-cell adhesion molecule has recently known to be linked with disruption
in tissue homeostasis and disease progression40,86,87. The cell-cell adhesion sites serve as hot
spots for Rho signaling that activate myosin II alongside ROCK protein kinase, which is
associated with E-cadherin at the junctions90. The Rho family, comprising of Rho, Cdc42 and
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Rac play an important part in establishing cell-cell contacts, thereby mediating cadherin-actin
signaling as well as cytoskeletal rearrangement38,39. The importance of E-cadherin force at the
cell-cell junctions in the formation of polarized structures together with assisting in maintenance
of tissue homeostasis will be investigated in greater detail herein.
2.6. FRET principle and FRET-based force sensors

Among the various methods employed to measure force across cell-cell junctions, the dual
pipette assay was one of the first used to establish the role of E-cadherin in cell-cell adhesion
strengthening8. Owing to certain pitfalls associated with this technique, several other assays
emerged over the recent years that shed light on the influence of cell shape and traction forces
on cadherin-mediated mechanotransduction9,17. However, a technique that had the ability to
characterize cell-cell junction forces was needed in order to further investigate the cadherin
mechanics. FRET (Fluorescence Resonance Energy Transfer)-based force biosensor studies
have enabled scientists to measure and quantify cell-cell adhesion forces under a variety of
settings15,16,18.

Characterization of labeled biomolecules at low concentrations over expansive spatial
resolutions has been made possible by extremely sensitive techniques such as fluorescence
microscopy. There exist numerous microscopy techniques that rely upon light absorption and
subsequent emission at particular wavelengths by fluorescent proteins. Förster resonance
energy transfer, commonly abbreviated as FRET, is one such process that involves distancedependent energy transfer between two fluorophores, involving an excited donor and its relative
acceptor molecule, in close proximity41,42. The fluorescent proteins used for FRET analysis are
variants of the green fluorescent protein (GFP), namely mTFP1 and Venus. The monomeric
cyan fluorescent protein, also termed as mTFP1 (monomeric teal fluorescent protein 1), is a
variant that was produced from a synthetic gene library, originating from the Anthozoa,
23

Clavularia soft coral. The high performance Anthozoa GFP derivative is an excellent donor
fluorophore for FRET studies that involve the yellow fluorescent protein92. The other GFP
variant used in the FRET biosensor is an improved version of yellow fluorescent protein (YFP),
termed Venus, which is originally derived from Aequorea victoria jellyfish91. This GFP variant is
stably fluorescent and is used as an acceptor molecule in conjunction with the donor
fluorophore mTFP1 for FRET studies (Fig.2A).

The scope of fluorescent proteins has thus been extended to live-cell imaging applications such
as FRET studies that involve measuring force via biosensors involving the fusion of two
fluorophores to the ends of peptides of specific cellular functionality. A peptide linker that is
known to be derived from spider silk links the two fluorescent proteins43. When there exists a
mechanical event at, say, the cell-cell junctions or cell-matrix junctions that are classic areas of
insertion of the FRET biosensor, an intermolecular interaction between the fluorophores in their
respective excited states results in a distance dependent energy transfer. The FRET efficiency
can be quantified as the inverse sixth power of the intermolecular distance and the relative
orientation of the two fluorophores. This inherent feature expands its use and application over
comparable distances.

Briefly, E-cadherin, as complex mechanotransducers, aid in actively responding to mechanical
cues, thereby contributing to the maintenance of tissue homeostasis. It is known that disruptions
in homeostasis such as EMT involve the down-regulation of E-Cadherin, however, the
involvement of E-cadherin force during tumorigenesis has not been explored so far. It is also
known that forskolin increases cAMP levels and results in subsequent increase in lumen
pressure. However, forskolin’s effect on E-cadherin force is not fully understood and remains to
be explored in terms of maintaining homeostasis and preventing inevitable disruptions.
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A

B

C
Figure.2. Intra-molecular FRET biosensor and the different mutant constructs. (A) The mode
of action of an intramolecular FRET biosensor is shown. The E-cadherin tension sensor is
also depicted in the figure so as to show to the positioning of the biosensor between the p120
and the cytoplasmic tail. (B) 1. Full-length E-cadherin tension sensor has its cytoplasmic tail
intact, 2. The E-cadherin Tailless mutant is formed from the deletion of the entire cytoplasmic
domain thereby disconnecting it from the cytoskeleton, 3. The diluceine or endocytosis
mutant has a point mutation in its transmembrane domain (shown in red) thereby preventing
the E-cadherin molecule from being endocytosed. (C) The α-catenin L344P vinculin mutant
has a point mutation at the 344th amino acid wherein Leucine is mutated to Proline (shown in
red), thus preventing the binding of vinculin to α-catenin. To the right, is a pictorial
representation of force induced binding of vinculin to α-catenin32.
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Chapter 3: Investigation of the role of E-cadherin in maintenance of homeostasis
in epithelial acini
3.1. Introduction
As nature suggests, every system thrives to maintain or revert back to a stable functioning state
as a means for survival. At the cellular level, scientific experiments conducted over the recent
years, have helped us in gaining a better understanding of E-cadherin in mechanotransduction
as well as maintaining homeostasis within the complex cellular system. Currently, the
importance of these cell-cell adhesion molecules has been established in two-dimensional
substrates in several ways, one of which involves force measurements using novel techniques
such as FRET10. However, two- dimensional models are not the best emulators of the complex
mammalian environment. With the advent of three-dimensional culture systems, it has been
possible to study mammalian systems in real-time.
Although recent evidence cites methods to culture cells in three-dimensional matrices46,44, an
understanding of the involvement of force via several processes such as mechanotransduction
at the cell-cell junctions is not fully understood. E-cadherin is known to play a vital part in
establishing strong cell-cell junctions with their neighboring counterparts and hence help with
the maintenance of the normal, healthy state. In epithelial cells, disruptions at the junctions
during processes such as EMT are known to be linked with down-regulation of these
glycoproteins thereby making the cells more migratory and invasive in behavior40,69. However, in
the case of a normal functioning epithelium, the cells undergo a reverse process known as
MET, which help them retain their polarized state. Tumorigenesis and subsequent metastases
occur owing to the sustenance of EMT that breaks down the E-cadherin expression thereby
resulting in the disruption of the strong cell-cell adhesion sites. Previous studies have shown
that adherens junctions are subject to mechanical tension. The E-cadherin (E-Cad) based
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adherens junctions are known to function as effective mechanotransducers10. However, such
studies have been documented only in two-dimensional model systems thus far. The ability to
measure force at these crucial sites of adhesion, in three dimensional cell cultures, would
enable us to better understand the role of junctional proteins in the maintenance of
homoeostasis.
Epithelial cells cultured in three-dimensional substrates form polarized spheroids with a single
central lumen as opposed to two-dimensional monolayers. The processes that result in the
formation of these polarized acini have been previously described45,47. However, the role of
mechanotransduction during epithelial morphogenesis has not been recorded hitherto. The role
of E-cadherin in mechanotransduction has been analyzed in this work. Forskolin was used to
support the role of E-cadherins in maintaining homeostasis and establishing strong cell-cell
junctions. cAMP levels have been documented to increase following forskolin treatment. The
increased cAMP levels have also been shown to contribute to subsequent increase in lumen
pressure, luminal clearance, and lumen size53,55.
TGF-β is a potent inducer of EMT. It is known to trigger several downstream signaling cascades
that have a profound effect on cell-cell junctions and compromises apicobasal polarity.
Increased matrix stiffness has been recorded in other studies to be associated with malignant
transformations. The role of substrate stiffness has also been quantified in this work, in terms of
E-Cadherin force, by conducting experiments on substrates of varying stiffness. Thus, the role
of E-Cadherin as potent regulators of homeostasis in terms of mechanotransduction will be
described herein.
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3.2. Methods
Materials:
The growth factor reduced MatrigelTM was purchased from Thermo Fisher Scientific (Bedford,
MA) and stored at -20oC. For immunofluorescence staining purposes, 8-well chamber slides
were purchased from Lab-Tek (Rochester, NY). For the purpose of live FRET imaging via
confocal microscopy, p-35 10mm glass cutout dishes were used. These cell culture dishes were
purchased from Cellvis (California, USA). Forskolin (F6886, Sigma), and the chloride channel
inhibitor CFTR (inh)-172 (B-5380, Sigma) were each dissolved in 2.4 ml of 100% DMSO to
prepare 10 mM stock solutions and were stored at -20°C. TGF-β1 was obtained from R&D
systems 240-B-002, and
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mg/ml aliquots were

prepared

and

stored

at -70oC.

Dimethylsulfoxide (DMSO) was purchased from Sigma (St. Louis, MO). Antibody against NCadherin was purchased from BD Biosciences. Antibody against ZO1 was purchased from Life
technologies (Rockford, IL). Antibodies against Fibronectin, Twist and Smad-2 were a gift from
Dr. Christopher Lemmons’ lab. Antibody against the cellular proliferation marker Ki-67 was
purchased from Abcam (Cambridge, MA). The secondary antibodies such as chicken anti-rabbit
IgG, was purchased from Life technologies (OR, USA) and donkey anti-mouse IgG, from
Invitrogen (OR, USA). The Hoechst 33342 used for labeling the nuclei of cells within the acinar
structures was purchased from Life Technologies (OR, USA). BSA was from Sigma-Aldrich
(St.Louis,MO). FBS was purchased from Life Technologies (Grand Island, NY).

I employed the use of a novel force measuring technique known as FRET, as previously
described in the literature review section, for force measurement experiments. The E-cadherin
mutant constructs used in the research work involve the insertion of force sensors between the
p120 and the β-catenin binding domains in the cytoplasmic tail101,102 (Fig.2B). The four Ecadherin phenotypes involve (a) the full-length E-cadherin tension sensor, (b) the diluceine E28

cadherin mutant (K743R, L746V, and L747A), (c) the E-cadherin tailless, and (d) the α-catenin
vinculin mutant L344P. Briefly, the full-length E-cadherin tension sensor has its cytoplasmic tail
intact. The diluceine mutant is formed from a three amino acid mutation in the transmembrane
domain

thereby

impairing

clathrin-mediated

endocytosis10,100,116.

Reduced

E-cadherin

endocytosis allows the accumulation of additional E-cadherins at the cellular junctions100. The Ecadherin tailless mutant is formed from the deletion of the entire extracellular domain, thereby
disconnecting from the cytoskeleton102. Lastly, the α-catenin vinculin mutant L344P involves a
single point mutation of the 344th amino acid Leucine to Proline. This mutation prevents the high
affinity binding of vinculin to alpha-catenin, and thus prevents activation of vinculin at cell-cell
contacts33. Fig.2C shows a representation of the different constructs.

A softer matrix such as the growth factor-reduced MatrigelTM was chosen for the experimental
setup owing to its close resemblance to that of a healthy in vivo environment. Matrigel is a
gelatinous protein mixture comprising of extra cellular matrix proteins and has been extensively
used in three dimensional cell culture systems.
Cell Culture:
Madin-Darby canine kidney cells (MDCK) were a gift from Rob Tombes (VCU Biology) and were
maintained in high glucose DMEM (Sigma Aldrich, St.Louis, MO) to which was added 10% fetal
bovine serum (Life Technologies) and 1% penicillin/streptomycin (Life Technologies, Carlsbad,
CA) under standard cell culture conditions.
Formation of epithelial acini:
The growth factor reduced MatrigelTM was used for the formation of epithelial spheroids. The
dishes used for experimental purposes included the p-35 10mm glass cutout dishes and the 8well chamber slides, the latter being used for immunofluorescence studies. The pipettes and
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centrifuge tubes used for Matrigel and preparation of the seeding media, respectively, must be
maintained at 4OC. The matrigel bed is created from 45µL of MatrigelTM, maintained at 4OC,
followed by incubation at 37OC for 15 minutes so as to allow cross-linking of the gelatinous
protein mixture. The cells were sub-cultured and re-suspended in high glucose DMEM media
containing 10% FBS and 1% penicillin/streptomycin. The seeding media that combines the resuspended cells, 8µL of MatrigelTM and the media are to be prepared in the meantime. Once
400µL of the preparation is added to each of the 8-well chambers, the dishes are then
incubated at 37OC, for a period of 8 days in order to allow sufficient time for epithelial acini
formation with media replacement every 3 days.

Imaging 2D monolayer and 3D acini in the same substrate:
In order to compare FRET-based force measurements in epithelial acini and monolayers, the
Matrigel bed (45µL of MatrigelTM) was created in such a way that the bed is thicker at the center
and thinner along the rim of the p-35 10mm glass cutout dishes. By tapering the bed toward the
rim starting from the center in a circular pattern, a gradient in depth is created such that acini
are formed in the areas that are deep enough for the cells to burrow in as a result of matrigel
overlay. At the same time, the thinner areas of the bed form monolayers, thereby preventing
acini formation.

Live FRET imaging:
The p-35 10mm glass cutout dishes were used for the purpose of live FRET imaging with the
help of Zeiss LSM 710 laser scanning microscope. In order to optimize laser settings for
imaging the acini structures, the average size of an acinus was measured and used to optimize
the pinhole size for 3D imaging. The ZEN software was used to collect and export the images
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taken at the LSM (Zeiss, Oberkochen, Germany). FRET images were taken at a magnification
of 40X, and prepared for FRET-based analyses using Python.
Immunofluorescence:
Immunofluorescence experiments were performed using the 8-well chamber slides. The acini
were fixed with 4% para-formaldehyde in Ca2+PBS and incubated at 37OC overnight. The
samples were then rinsed twice with PBS (Life Technologies) and permeabilized with 0.2%
Triton-X 100 (Sigma-Aldrich). The Triton solution was aspirated after 5 minutes post treatment
and rinsed twice with PBS prior to adding the primary antibody. The primary antibodies used in
this work include the tight junction marker rabbit anti-ZO-1 (dilution: 1:250), N-Cadherin (mouse,
dilution: 1:100), Twist (mouse, dilution: 1:100), Fibronectin (rabbit, dilution: 1:50), Smad-2
(mouse, dilution: 1:100), and the universal proliferation maker Ki-67 (rabbit, dilution: 1:1000).
The chamber slides were incubated at 4OC overnight and allowed to return to room temperature
prior to the next step. Following a couple of rinses with PBS, the secondary antibody was added
and incubated at 4OC for 45 minutes. The different secondary antibodies used include chicken
anti-rabbit IgG (Life technologies (OR, USA), dilution: 1:250), and donkey anti-mouse IgG
(Invitrogen (OR, USA), dilution: 1:250). The chambers are removed using a slide separator.
Prolong gold was applied directly to the tissue samples and thus, used for mounting purposes.
The prepared microscope slides were imaged with the help of Zeiss LSM 710 laser scanning
microscope and were collected and exported via the ZEN software for further analyses.
Statistical Analyses:
E-cadherin force was measured using FRET-based molecular sensors via live cell imaging. The
data were then analyzed using Python. For each data set, the data was acquired for at least 8
epithelial acini. Statistical significance was measured using an unpaired, two-tailed student t-test
for data containing two groups. For data involving more than two groups, the Analysis of
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Variance (ANOVA) test was performed in order to obtain the statistical analysis for the data sets
concerned. A further comparison of the groups was conducted using the Tukey (HSD) test so as
to obtain significant differences between multiple groups, if any. All statistical tests were
conducted at a 5% significance level. The R statistical software was used for statistical
analyses.

32

3.3. Results and Discussion
Through this work, we have been able to establish the role of E-cadherin force in maintaining a
single central lumen in epithelial acini, which in turn regulates tissue homeostasis. This work
focuses on the requirement for a higher E-cadherin force in preventing acinar luminal filling so
as to maintain a single central lumen, together with maintaining the apical basal polarity of the
cells within the spheroid. FRET-based biosensors were used for the E-Cadherin force
measurement experiments. Based on the FRET principle, a greater distance between the two
fluorophores connected via a peptide linker, would imply a decrease in the energy transfer and
thus a lower FRET. The intermolecular FRET ratio is calculated by taking the ratio of the energy
transferred by the donor to that absorbed by the acceptor molecule. Since, FRET
measurements are a function of the distance between the two interacting proteins, the lower
intermolecular FRET indicates a higher force, and the reverse is the case for a higher FRET
ratio.
3.1.The role of E-cadherin force in epithelial acini versus monolayers
The z-stack image of an epithelial acinus formed from the full-length tension sensor MDCK cellline depicts a well-organized system with the apical basal polarity intact such that the apical side
faces the lumen as opposed to the basal membrane that faces away from the lumen (Fig.3A). A
single central lumen was observed for the full-length tension sensor, thus closely emulating a
normal healthy acinus.
Based on experiments performed on MDCK cells overexpressing full length E-cadherin (tension
sensor module), the epithelial acini showed a significant increase in E-cadherin force as
compared to the two dimensional monolayer (Fig.3B). The results suggest that a higher Ecadherin force is required for the maintenance of a single central lumen as opposed to the twodimensional monolayer, in which the force at the cell-cell junctions is more spread out.
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A

B

Figure.3. E-cadherin force in epithelial acini versus monolayers. MDCK cells transfected with
the full-length E-cadherin tension sensor module was used for experimental purposes. (A) Zstack images of the full-length E-cadherin tension sensor acinus cultured in the growth factor
reduced matrigel, shows a cross-sectional view of the acinus taken from top to bottom. The fulllength E-cadherin tension sensor MDCK cell model exhibited a single central lumen (Scale bar:
25µm). (B) FRET-based force measurements for the epithelial acini (3D) in comparison to the
two- dimensional (2D) monolayer on the same substrate, yielded a higher E-cadherin force
(lower fret ratio) in 3D (black) as opposed to 2D (grey). Shown are means ±SEM of three
independent experiments, each performed on the growth factor reduced matrigel: Student t-test,
*p < 0.0001.
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3.2.The role of E-cadherin force in maintaining homeostasis
3.2.a. E-cadherin force regulates lumen formation in various mutant phenotypes
The FRET-based molecular sensors used in this work involve insertion of the biosensor
between the transmembrane domains of the E-cadherin protein of two neighboring cells in
contact. The four E-cadherin phenotypes in the MDCK cell-line, used for FRET-based
experiments and immunofluorescence studies in this work involve (a) the full-length E-cadherin
tension sensor, (b) the diluceine E-cadherin mutant, (c) the E-cadherin tailless, and (d) the αcatenin vinculin mutant L344P. Based on experiments performed on E-cadherin tension sensor,
diluceine mutant and the cytoplasmic tail deleted E-cadherin (tailless); a lower E-cadherin force
was observed to be associated with acinar luminal filling. Polarity disruptions were also
observed for those phenotypes that had an impaired lumen and lower E-cadherin force.
Epithelial morphogenesis involves segregation and redistribution of several marker proteins to
distinct region of the plasma membrane110. Lumen formation and polarity disruptions were
quantified via immunofluorescence studies. The tight junction marker ZO-1, Phalloidin
(red(rhodamine), and green (488)) were used for the staining purpose (Fig.4A and B). The
diluceine mutant yielded acini structures that were multi-lumenated in comparison to lack of
luminal clearance as seen in the tailless mutant. The L344P vinculin mutant, on the other hand,
showed multi-lumenated acini structures as well as filled up lumen structures.

The two mutant phenotypes of E-cadherin, namely, the diluceine endocytosis mutant and the
tailless mutant, showed lower E-cadherin forces from FRET-based force measurements as
compared to the control. The control for the force measurement experiments was the full-length
tension sensor module, which was observed to have the highest E-cadherin force at the cellular
junctions and exhibited a single central lumen (Fig.4C). The diluceine mutant involves a point
mutation that prevents the E-cadherin protein from being endocytosed. Just as every system
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thrives to be in a state of equilibrium, in the case of the diluceine mutant, the force across each
E-cadherin molecule, prevented from being endocytosed, is more likely to be distributed equally.
This could possibly account for the lower E-cadherin force as compared to the control. The noforce phenotype, the tailless module, on the other hand, yielded a much lower force as
compared to its counterparts and was associated with acinar luminal filling. Thus, findings from
the above experiments suggest that a lower E-cadherin force is associated with disruption in
polarity and subsequent lumen impairment. Furthermore, a higher E-cadherin is essential to
maintain the polarized acini structures with a single central lumen.
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B

Figure.4. Higher E-cadherin force regulates lumen formation. MDCK cells engineered with the
full-length E-cadherin tension sensor module were used for experimental purposes. A lower fret
ratio depicts a higher E-cadherin force, and vice-versa for a higher fret ratio (A) Polarity
disruption with E-cadherin mutations were characterized by loss of ZO-1 expression (red) at the
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apical side, as opposed to the full-length E-cadherin tension sensor that depicted a polarized
acinar structure. (B) Staining against actin further quantified lumen formation for the full-length
E-cadherin tension sensor (TS), diluceine mutant (Mut) , tailless (TL) and the α-catenin L344P
vinculin mutant. The impaired lumens in the diluceine mutant, tailless and L344P mutant were
characterized by disruptions in cell-cell adhesions and polarity, illustrated by the loss of actin
(TS, Mut and TL =red, L344P=green, nuclei= blue, E-cadherin=green). (C) FRET-based force
measurements for the full-length E-cadherin tension sensor and its mutant counterparts, yielded
a significantly higher E-cadherin force (measured as decreased FRET) for the tension sensor
and the lowest force for the tailless, the no force phenotype. Shown are the ±SEM for three
independent experiments performed. A statistically significant difference in E-cadherin force was
observed for the experimental arm compared to the controls, and the E-cadherin force in
diluceine mutants compared to the tailless phenotype: Anova and Tukey test, *p<0.0001.
There exists a lack of evidence relating E-cadherin force to the increase in luminal pressure and
its subsequent maintenance of the single central lumen. Forskolin was used for this purpose
and aided in supporting the idea of a higher E-Cadherin force for maintenance of a single
central lumen. Forskolin is known to increase cAMP levels thereby promoting an osmotic water
flow as a consequence of chloride influx from PKA activation50-51. Through this work,
experiments performed with the help of FRET-based molecular sensors at two different time
points, led to the observation that the E-cadherin force is higher on forskolin treated epithelial
acini as compared to the untreated controls (Fig.5A and B). Additionally, following forskolin
treatment, the epithelial acini showed a significant increase in E-cadherin force along with a
maintained single central lumen, which was also observed to grow in size over a period of eight
days (Fig.5C). Interestingly, E-cadherin force did not increase substantially over a period of 8
days post forskolin treatment as compared to the acini that were measured 24hrs post forskolin
treatment. Prior studies demonstrated that the chloride exit through the apical membrane is a
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consequence of the electrical driving force established by the basolateral K+ channels56. Thus,
the above finding could suggest that, (1) there may exist a point at which the acinus stops
growing in size, as a result of the chloride equilibrium potential being reached following chloride
exit and subsequent decrease in osmotic fluid flow, and/or, (2) there may occur a redistribution
of force as the acini grow in size together with the decrease in osmotic gradient.
A

B

C
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Figure.5. E-cadherin force regulates acini size. MDCK cells engineered with the full-length Ecadherin tension sensor module were used for experimental purposes. A lower fret ratio depicts
a higher E-cadherin force, and vice-versa for a higher fret ratio (A) The E-cadherin force
increased (depicted as lower fret ratio in the figure) significantly 24 hours post treatment with
forskolin (Fsk), compared to the untreated control (E-cadherin tension sensor module). Shown
are the ±SEM for three independent experiments performed on the growth factor reduced
matrigel. E-cadherin force was observed to be significantly different for the experimental arm
compared to the control: *p<0.0001. (B) After 8 days of forskolin treatment, the E-cadherin force
was observed to be higher (lower fret ratio) than the untreated control accompanied by increase
in acinar lumen size. Shown are the ±SEM for two independent experiments such that a
statistically significant difference in E-cadherin force was observed: Student t-test, *p<0.0001.
(C) Forskolin increases lumen pressure and thus acinar lumen size over a period of 8 days, as
illustrated by the increased lumen size compared to the untreated control (Scale bar: 25µm(left),
and 50µm(right)).
The increase in Iumen size was hypothesized to be due to increased cellular proliferation, which
in turn could be induced from the increase in luminal pressure and subsequent increase in Ecadherin force at the cellular junctions. To investigate the possibility of increased cellular
proliferation with an increase in E-cadherin force, we conducted immunofluorescence studies on
the MDCK full-length tension sensor phenotype that yielded images showing the nuclear colocalization of a universal proliferation marker, Ki-67 (Fig.6A). The evidence of Ki-67 in the
nuclei at 48hrs post forskolin treatment supports the proposed idea of increase in cellular
proliferation as a result of increased lumen pressure and subsequent higher E-cadherin force at
the cell-cell junctions. Interestingly, immunofluorescence staining of other E-cadherin mutant
phenotypes (diluceine mutant and tailless that lacks the cytoplasmic tail) with Ki-67 showed the
evidence of the nuclear antigen in the nuclei of the diluceine mutant 48 hrs post forskolin
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treatment accompanied by a single central lumen (Fig.6C), as opposed to the untreated control
(Fig.6B). Tailless, on the other hand, was seldom affected and showed no change in lumen
morphology as well as nuclear expression of the proliferation marker.
A

B

C

Figure.6. Quantification of forskolin-induced cellular proliferation. MDCK cells engineered with
the full-length E-cadherin tension sensor module (TS) were used for staining purposes. All acini
treated with forskolin were fixed and stained for Ki-67 48 hrs post treatment. (A) The forskolin
treated acini, characterized by increase in Ki-67 (red) localization at 48 hours confirmed the
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incidence of increase in cellular proliferation with forskolin, as seen in the tension sensor
module (TS). (C) Forskolin treated acini showed an increase in Ki-67 expression in the tension
sensor module and the diluceine mutant when compared to the untreated controls, shown in
(B). On the contrary, nuclear expression of the proliferation marker did not increase for the
tailless mutant. (nucei= blue, E-cadherin=green.
In order to support the fact that a higher force at the cell-cell junctions is required to maintain
homeostasis, experiments with forskolin were performed on the different mutants. Following the
treatment with forskolin, post 48hrs, it was observed that forskolin helped to rescue a majority of
the endocytosis (diluceine) mutant, that otherwise formed multi-luminated spheroids in the
three-dimensional matrigel matrix. Forskolin was observed to increase the E-cadherin force in
the diluceine mutant along with allowing luminal clearance (Fig.7A and D). However, despite
exposure to Forskolin for 48 hours, the tailless mutant failed to be rescued, and did not show a
significant change in E-cadherin force (Fig.7B and D). This result can be attributed to the fact
that the cytoplasmic tail deletion had rendered the tailless mutant unaffected by forskolin
treatment. Additionally, forskolin, on the other hand, did not have much effect on the L344P
vinculin mutant, which otherwise formed multi-lumenated and no-lumen structures (Fig.7C).
This finding, perhaps, suggests that vinculin might be an important player in regulating forskolininduced increase in E-cadherin force108,109,115. In order to further quantify acini lumen formation
for the various mutant phenotypes, with and without forskolin treatment, about 20 acini were
observed for the various mutants cultured in the growth factor reduced matrigel and recorded for
quantification purposes. It was observed that the full-length tension sensor yielded the highest
number of hollow lumen acini as opposed to the other phenotypes (Fig.7E). However, the
number of acini rescued by forskolin amongst the other three mutants, was the highest for the
diluceine mutant in comparison to the L344P vinculin and tailless mutants, of which the latter
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was the least affected (Fig.7F). Thus, the role of a higher E-cadherin force in maintaining a
single central lumen thereby regulating tissue homeostasis has been demonstrated herein.
A

B

C

D

E

F
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Figure.7. E-cadherin force regulates lumen formation in various mutant phenotypes. MDCK cells
engineered with the full-length E-cadherin tension sensor module were used for experimental
purposes. A lower fret ratio depicts a higher E-cadherin force, and vice-versa for a higher fret
ratio (A) Interestingly, forskolin (Fsk) rescued the diluceine endocytosis mutant; 48 hours post
treatment, as opposed to the E-cadherin no-force phenotype (Tailless) that was seldom
affected, as shown in (B). (C) The α-catenin L344P vinculin mutant formed acini that had an
impaired lumen, some of which being multi-luminated (nuclei=blue). Stained images of the
mutant with actin (green) indicated failure in luminal rescue. (D) Comparison of FRET-based
force measurements for the three forskolin treated E-cadherin phenotypes (TS, Mut, TL) against
their untreated controls yielded a significant increase in E-cadherin force for the full-length
tension sensor (TS) and diluceine mutant (Mut), compared to tailless (TL), which did not yield a
significant change in E-cadherin force. Shown are the ±SEM for three independent FRET-based
force measurement experiments (+/-) forskolin (Fsk), such that, statistically significant
differences are (for the tension sensor module and the diluceine mutant) are indicated:
*p<0.0001, compared to the no-force phenotype. (E) Quantification of acinar lumens for the
three E-cadherin phenotypes and the α-catenin L344P vinculin mutant indicates a
predominance of the single central lumen in the tension sensor module. (F) The diluceine
mutant was observed to be rescued post forskolin treatment, by a great amount, as opposed to
the L344P and tailless that did not show any significant change. About 20 acini were scored for
each phenotype, (+/-) forskolin.
3.2.b. The role of E-cadherin force on chloride channels such as CFTR
The osmotic water flow in many organs, is regulated by the secretory epithelial chloride
transport systems that involve influx of chloride ions via the Na/K/2Cl co-transporter in the
basolateral membrane, which is balanced by the outflow of chloride ions via the CFTR (Cystic
Fibrosis Transmembrane Regulator) on the apical side23,81. However, it has been previously
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shown that defects in the CFTR channel results in an imbalance in the osmotic gradient and is
known to effect lumen pressure thereby allowing lumen shrinkage56,57,81,106. Prior studies have
also demonstrated an increase in expression of E-cadherin with hypotonic stress103 thereby
classifying E-cadherin as an osmo-sensitive protein. To identify the relevance of CFTR and its
effect on E-cadherin force at the cell-cell junctions, Experiments involving chloride channel
inhibitors as well forskolin were performed on the full-length tension sensor cells in the presence
of CFTR (inh)-172 (10uM) and /or forskolin (10uM). The control used in the experiments was the
full-length E-cadherin tension sensor from the MDCK cell line, which were untreated with
forskolin.
The findings suggest that the presence of chloride channel inhibitors such as CFTR (inh)-172
decreased the E-cadherin force at the cell-cell junctions (Fig.8A) together with allowing
shrinkage in lumen size, as depicted previously57. However, the E-cadherin force was observed
to be higher than the control, but lower than the forskolin treated acini, when treated with
forskolin followed by CFTR (inh)-172 30 minutes later (Fig.8B). This finding could be the result
of an initial increase in force with forskolin treatment, which in turn triggered the downstream
signaling cascades involved that activate PKA, the kinase that regulates the CFTR function as
discussed previously in literature56,81. With the blockage of CFTR, further increase in osmotic
water flow and thus an increase in E-cadherin force could have been prevented owing to the
CFTR inhibitors used. These findings, thus, suggest the importance of CFTR in maintaining
luminal pressure and its effect on cell-cell adhesion molecules such as E-cadherin, a pivotal
player in regulating tissue homeostasis.
The relevance of the chloride channel in regulating lumen pressure and thereby E-cadherin
force has been established herein via FRET-based measurements. In this study, we have been
able to show the effect forskolin on E-cadherin force at the cell-cell junctions together with
maintaining a single central lumen owing to luminal clearance. Forskolin is known to activate
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adenylyl cyclase, which in turn elevates cAMP levels. The elevated cAMP levels have a
profound effect on luminal clearance as well as lumen size owing to the PKA-dependent and independent pathways. The increase in E-cadherin force was seen to be associated with an
increase in cell proliferation along the outer rim of the acini thereby increasing the luminal size
over a short period of time.
A

B

C

Figure.8. Lumen pressure regulates E-cadherin force and acini size. All experiments were
performed on the full-length E-cadherin tension sensor phenotype, which also served as the
untreated control. A higher fret ratio depicts a lower E-cadherin force, and vice-versa for the
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lower fret ratio results. (A) FRET-based force measurements for E-cadherin force in acini
treated with the chloride channel inhibitor CFTR (inh)-172 significantly reduced the E-cadherin
force, compared to the control. The decrease in E-cadherin force (higher fret ratio) was
accompanied by luminal shrinkage as illustrated in the figure. Shown are the ±SEM for three
independent experiments for which statistically significant differences are indicated: Student ttest, *p<0.0001. (B) The E-cadherin force was observed to be the highest in acini treated with
Forskolin (Fsk) alone, compared to the control and other cases. For the acini treated with Fsk
followed by CFTR (inh)-172, 30 seconds later, an increase in E-cadherin force was observed as
compared to the CFTR inhibited acini and the control. However, the former seldom showed a
significant increase in force when compared to the forskolin treated acini. All acini were
evaluated for force measurements in a 24-hour time frame. Shown are the ±SEM for two
independent FRET-based force measurement experiments such that, statistically significant
differences are indicated: Anova and Tukey test, *p<0.0001, compared to the control.
3.2.c. Role of E-cadherin force during EMT
3.2.c.i. Role of E-cadherin force on luminal clearance during EMT
Transforming growth factor 1, TGF-β1 is a well-known formidable inducer of EMT. The control
used in the experiments was the full-length E-cadherin tension sensor, which is untreated with
the transforming growth factor TGF-β1. In this work, I was able to demonstrate that the Ecadherin force at the cell-cell junctions reduced considerably in the epithelial acini, following
TGF-β1 treatment (Fig.9B and C). It was observed that the TGF-β1 treated acinar structures
showed acinar luminal filling (Fig.9A) that could be attributed to cytoskeletal remodeling owing
to fibronectin expression as well as integrin clustering104. The E-cadherin force observed in the
TGF-β1 treated acini as compared to the control, at varying time points, showed a significant
decrease in force at 24hrs and 48hrs, compared to the control (Fig.9D). However, a significant
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difference in E-cadherin force was not observed at the 4-hour time point in comparison to the
untreated control. This could possibly be due to the activation of Rho-A in response to TGF-β1,
which has previously been shown to induce stress fiber formation and mesenchymal
characteristics during the early phase of TGF-β1 induced EMT124,125. The Rho family of small
GTPases is a dynamic regulator of the actin cytoskeleton and plays a key role in processes
such as morphological changes and migration. Rho-A is known to interact with its effectors, the
two isoforms of Rho kinase (ROCK), namely ROCK1 and ROCK2, thereby regulating myosin II
activity90. The lower E-cadherin force at the later time-points (24 hrs and 48 hrs), on the other
hand, could possibly be due to the disruption of the cell-cell junctions, which involves dissolution
of tight junctions via Rho-A degradation at the cellular protrusions65,127, together with E-cadherin
destabilization and subsequent degradation126. With the disruption of the polarity complex at the
tight junctions, Par-6 gets phosphorylated and recruits E3 Ubiquitin Ligase Smurf1 to the
junctions. The E3 Ubiquitin Ligase Smurf1, in turn, targets Rho-A for degradation65. The
ubiquitination of the guanosine triphosphatase Rho-A, thus, interrupts the actomyosin
contractility65,76 and disrupts the cell-cell junctions. The reduction in E-cadherin force with TGF-β
treatment, as observed in this work, could likely be due to the degradation of Rho-A and
subsequent disruption of the cell-cell junctions at a later phase during TGF-β1 induced EMT.
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Figure.9. Role of E-cadherin force during EMT. The control for the experiments was the MDCK
cells engineered with the E-cadherin tension sensor module. (A) Morphological changes in an
acinus, at 24 hours and 48 hours, in response to TGF-β1 treatment was characterized by acinar
luminal filling. (C) FRET-based E-cadherin force measurements showed a statistically significant
decrease in force for the TGF-β1 treated acini (at 48hrs), which was charcterized by acinar
luminal filling (as shown in (B)), compared to the untreated control (Student t-test, ±SEM for n=3,
*p<0.001). (D) E-cadherin force measured at different time points (before, 4hrs, 24hrs and 48hrs)
exhibited a decreasing force trend with increase in the time period, following TGF-β1 treatment
(ANOVA test, ±SEM for n=2, *p<0.0001). A significant decrease in E-cadherin force (higher fret
ratio) was observed at 24 hrs and 48 hrs, compared to the control. However, the E-cadherin force
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measured at the 4-hour time point post TGF-β1 treatment seldom showed a significant change,
compared to the untreated control.
3.2.c.ii. Role of E-cadherin force in prevention of EMT
The scope of forskolin in maintaining a single central lumen through a higher E-cadherin force
was extended by its use in experiments that were directed towards prevention of EMT. Through
a series of experiments on epithelial acini treated with both forskolin (10uM) as well as TGF-β1
(2ng/ml), following a two-hour serum starvation period, and imaged via confocal microscopy
(LSM) 48hrs post treatment, it was observed that the acinar luminal filling was prevented
thereby resulting in a single central lumen. The control for the experiments was the full-length ECadherin tension sensor MDCK cell line, which was treated with TGF-β1 (2ng/ml) following a
two-hour serum starvation period prior to TGF-β1 treatment. The acini were imaged via confocal
microscopy, 48hrs post TGF-β1 treatment. From the data analysis, force measurements at the
cell-cell junctions were observed to show a higher E-cadherin force on the forskolin treated acini
as opposed to the control. Foskolin, as mentioned in the literature section, is a cAMP activator
that activates PKA and thus regulates the gating of the CFTR channels on the apical side. The
findings from this experiment may thus, suggest that the increase in E-cadherin force could be a
result of PKA-induced phosphorylation of CFTR channels that increases lumen pressure via an
osmostic gradient. Additionally, Epac1, which is directly activated by cAMP and follows a PKAindependent pathway, once activated, has been previously shown to inhibit EMT via, (1) direct
interaction with TGFR1 thereby inhibiting Smad-2 phosphorylation59,129, and/or (2) downregulation of Rho-A via Rap1, which is a downstream target for Epac1, during the early phase of
TGF-β1 induced EMT128. Epac1 is also known to enhance cell-cell adhesions58. Thus, the role of
forskolin in preventing homeostasis disruptions such as EMT is not limited to luminal pressure
alone, but chemical signaling as well. The results from this experiment further aided in
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supporting the role of higher E-cadherin force at the specialized cell-cell contacts in maintaining
homeostasis and thereby preventing disruptions from occurring such as EMT (Fig.10A).
TGF-β1 is previously known for its anti-proliferative and pro-migratory effects105. However, what
accounts for distinct morphological changes in epithelial acini following TGF-β1 treatment
remains unclear. Immunofluorescence studies performed in this work, using the proliferation
marker Ki-67, corroborate previous findings that suggest the anti-proliferative nature of
TGF-β1104,106. Furthermore, the acinar lumninal filling could be a result of the pro-migratory
effect of the TGF-β1 induced cells within the acini in conjunction with increase in fibronectin
expression, integrin clustering and lack of apoptosis65,104. The Ki-67 stained images for Ecadherin tension sensor MDCK cells treated with TGF-β1 seldom revealed any positive
localization of the nuclear antigen. Following treatment with forskolin and TGF-β1, however,
yielded results that were on the contrary, thus, showing that forskolin enabled acinar lumen
rescue and induced cellular proliferation (Fig. 10B).
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Figure.10. Role of E-cadherin force in the prevention of EMT. (A) Treatment with forskolin (Fsk)
prior to TGF-β1 demonstrated an increase in E-cadherin force at 48hrs, characterized by luminal
clearance thereby resulting in a single central lumen, compared to the TGF-β1 treated acini.
±SEM for three independent experiments indicated statistically significant differences: Student ttest, *p< 0.0001. (B) An increase in the proliferation marker (Ki-67=red) was observed in acini
treated with forskolin followed by TGF-β1, compared to the control (nuclei=blue, Ecadherin=green). The TGF-β1 treated acini, on the other hand, showed no signs of Ki-67 nuclear
localization.
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3.2.c.iii. Quantification of homeostasis disruption with EMT marker
To quantify the occurrence of EMT on the TGF-β1 treated acini, immunofluorescence studies
were conducted which involved staining for EMT markers such as N-cadherin, Twist, fibronectin
and Smad-2. The stained images observed using the confocal microscope (LSM), as a result,
showed their respective localizations on TGF-β1 treated acinar cells as opposed to the control.
Immunofluorescence results of N-cadherin and fibronectin in the full-length tension sensor
module treated with TGF-β1 were characterized by morphological changes involving luminal
filling together with co-localization of N-cadherin (Fig.11B) and fibronectin (Fig.11C), compared
to the untreated controls.
In order to confirm the prevention of acinar luminal filling as a consequence of forskolin
treatment, immunofluorescence staining for EMT markers such as N-cadherin was performed
on the non-transfected MDCK-2 cells. The stained images seldom exhibited any co-localization
of the EMT markers in the forskolin pre-treated acini. However, the MDCK-2 acini treated with
TGF-β1, on the other hand, showed positive N-cadherin localization at the cell-cell junctions
(Fig.11A). This finding, thus aided in confirming the role of a higher E-cadherin force in
preventing the occurrence of EMT, which under extreme circumstances could result in an
irreparable disruption of cellular homeostasis.
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Figure. 11. Quantification of homeostasis disruption with EMT markers. (A) Morphological changes
involving acinar luminal filling as a result of TGF-β1 treatment, were characterized by an increased
expression of N-cadherin (red), compared to acini pre-treated with forskolin followed by TGF-β1,
and the untreated control (nuclei=blue, E-cadherin=green). N-cadherin expression was absent in
acini pre-treated with forskolin, accompanied by maintenance of the single central lumen. This
experiment was performed on non-transfected MDCK-2 cell-line. (B) Immunofluorescence staining
experiments conducted on the E-cadherin tension sensor phenotype (TS), showed an increased
expression of N-cadherin (red) and fibronectin (purple) (as shown in (C)) together with acinar
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luminal filling, as a result of TGF-β1 treatment. The acini were fixed and stained 48 hrs post
treatment (nuclei=blue, E-cadherin=green).
Further quantification with the help of downstream targets such Smad-2 (Fig.12A) and Twist
(Fig.12B) depicted an increase in nuclear expression of these EMT markers for acini treated
with TGF-β1 as opposed to the untreated controls. The E-cadherin tension sensor module was
used for the experiments.

A

B

Figure.12. Downstream targets involved in disruption of homeostasis. Further quantification with
anti-bodies against Smad2 (A) and Twist (B) showed an increase in Smad-2 (red) and Twist
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(red) nulear expression, for acini treated with TGF-β1, compared to the untreated control
(nuclei=blue, E-cadherin=green). The MDCK cells engineered with full-length E-cadherin
tension sensor were used for the experiments.
3.3. Effect of matrix stiffness on E-cadherin force
Prior studies have shown that cells respond differently to substrates of varying stiffness84,85,111. A
broader morphology has been observed for cells on stiffer matrices when compared to cells
cultured on soft substrates. This could be attributed to the increase in integrin expression of
cells on stiffer substrates thereby promoting cell survival71,73. Furthermore, malignant
transformations have been previously demonstrated to be associated with stiffer matrices74.
Acinar luminal filling associated with increase in matrix stiffness has also been previously
demonstrated in recent studies26 owing to lack of apoptosis114 and increased inner cell survival.
Traction forces are known to increase with increase in matrix stiffness89, however, the effects of
substrate stiffness on cell-cell junctions is not very clear herein. In this work, the role of Ecadherin force as a potent regulator of tissue homeostasis with varying substrate stiffness has
been investigated. Experiments involving substrates of three varying degrees of stiffness were
performed. The full-length tension sensor MDCK cell- line was used for the FRET-based force
measurement experiments. The control used in the experiments involved cells cultured in 100%
growth factor-reduced MatrigelTM. For the purpose of increasing the substrate stiffness using
Collagen Type I, the collagen mix was prepared comprising of 0.5ml of Collagen Type I, 62.5µL
of 10X sterile and filtered PBS, 62.5µL of 0.1M NaOH (sterile and filtered), and in order to
neutralize the final pH, approximately 10µL of 0.1M HCL was used. The growth factor-reduced
MatrigelTM matrix was doped with varying amounts of the collagen mix, such that the final
concentrations of collagen in the collagen/matrigel mixed cultures were 1.6mg/ml (55% collagen
and 45% Matrigel) and 3.1mg/ml (90% collagen and 10% Matrigel). The findings from the
experiments performed depict an increasing trend for E-cadherin force with increase in
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substrate stiffness (Fig.13A). The increase in acinar luminal filling was also observed to be
associated with the increase in substrate stiffness, from 55% collagen as shown in Fig.13B to
90% collagen as shown in Fig.13C, as was previously demonstrated26. The incidence of
increased acinar luminal filling, however, is a consequence of collagen linearization68 and
subsequent increase in integrin expression such as αVβ3, α5, and β1 integrins71,72,73. On the
other hand, findings from the FRET-based force experiments verify prevailing theories26,112,114
that suggest exertion of compression- induced resistive forces by the cells on the stiffer matrix.
The increase in E-cadherin force with increased substrate stiffness could thus, be linked to the
generation of resistive mechanical tension at the cell-cell junctions in response to compression
forces generated by the stiffer stroma.
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Figure.13. Effect of substrate stiffness on E-cadherin force. Experiments were performed on the
full-length E-cadherin tension sensor phenotype. A higher fret ratio implies a lower E-cadherin
force, and vice-versa for the lower fret ratio results. (A) FRET-based force measurements on
substrates of varying stiffness demonstrated an increasing trend in the E-cadherin force,
compared to the control. The highest force was seen in the substrate that was 3.1 mgml-1 of
collagen type I by concentration, characterized by increased acinar luminal filling (C) which was
significantly different from the control. However, a significant change was not observed for a
concentration of 1.6 mgml-1 of the collagen type I, as shown in (B) compared to the control. The
control used in the experiment was 100% growth factor reduced matrigel (grey). The ±SEM for
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two independent experiments indicated a significant increase in E-cadherin force for the highest
collagen concentration in comparison to the control: (ANOVA and Tukey test, n=2, *p<0.0001).
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Chapter 4. Conclusions and Future Directions

Conclusions
E-cadherin, a recent focus in the field of mechanotransduction is known to play a vital role in
maintaining epithelial tissue integrity and homeostasis. This work demonstrates the role of Ecadherin force in regulating cell-cell adhesions and thus, tissue homeostasis in threedimensional model systems. It has been observed that a higher E-cadherin force is essential to
regulate acini lumen formation, and prevent disruptions in cellular homeostasis. In this work, the
role of a higher E-cadherin force in maintaining a single central lumen was supported via
forskolin, a cAMP activator. Forskolin has been previously shown50,52,53 to increase cAMP levels
and thus, activate PKA, which in turn is known to phosphorylate the chloride ion exit channel
CFTR. The gating of the CFTR channel increases lumen pressure via osmotic fluid flow and is
hypothesized to increase the E-cadherin force. I have been able to demonstrate the effect of
forskolin in increasing E-cadherin force together with maintaining the single central lumen,
through this work.
The lower E-cadherin force was observed to be associated with an impaired lumen owing to
mutations or induction of homeostasis disruptions such as EMT via TGF-β1. The E-cadherin
mutant phenotypes used in this work (diluceine endocytosis mutant and tailless that lacks the
cytoplasmic tail) exhibited impaired lumens. The diluceine mutant was observed to be rescued
by forskolin, compared to the no-force phenotype. The luminal rescue was accompanied by an
increase in E-cadherin force. However, the α-catenin L344P vinculin mutant seldom showed
any signs of lumen rescue by forskolin, which could suggest that vinculin is required for Ecadherin force increase, thereby regulating tissue homeostasis. Additionally, vinculin could
trigger a signaling event in response to the force on E-cadherin and aid in maintaining the single
central lumen.
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TGF-β1, on the other hand, is known to function dually in regulating Rho-A activity during EMT
induction. It is known to activate Rho-A signaling during the early phase of TGF-β1-induced
EMT124, as opposed to degradation of Rho-A at a later stage58,127. Thus, a lower junctional force,
as observed in the TGF-β1 induced acini at 24 hrs and 48 hrs post TGF-β1 treatment, could
possibly be due to the degradation of Rho-A at the tight junctions via Smurf1. Rho-A is known to
regulate myosin II activity and plays an important role in cytoskeletal contractility and migration.
TGF-β1 disrupts the highly conserved polarity complex thereby allowing the separation of Par-6
from the complex and its subsequent phosphorylation at the serine 345 residue. Smurf1,
recruited to the tight junctions at the cellular protrusions, thereby results in Rho-A turn over. This
event is crucial for TGF-β1-induced EMT, as this results in the dissolution of tight junctions and
degradation of adherens junctions125,130. Thus, E-cadherin is destabilized and cleaved at the
plasma membrane, leading to its degradation. The beta-catenin, at this point, cannot interact
with E-cadherin owing to its degradation or protection from degradation (via Wnt signaling
pathway).
The effect of a higher E-cadherin force via forskolin treatment in preventing EMT has also been
explored, which led to the understanding that the effect of forskolin in preventing homeostasis
disruptions is not limited to lumen pressure alone, but there exists the involvement of chemical
signaling as well. Additionally, cAMP is also known to directly activate a guanine nucleotide
exchange factor Epac that exists as Epac1 and Epac2, the former being ubiquitous in cells.
Interestingly, previous work has demonstrated the role of Epac1 in regulating cell-cell adhesions
as well as preventing homeostasis disruptions such as EMT59. Epac1/Rap1 pathway is a PKAindependent pathway that functions cohesively with the PKA-dependent pathway when
stimulated, or in contradiction to one another, depending on the cellular response. Epac1 has
been previously shown to down-regulate Rho-A via Rap1 thereby inhibiting TGF-β1-induced
EMT59,128, and is also known to enhance cell-cell adhesions58,132. In this context, prevention of
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EMT, as a consequence of pre-treating the acini with forskolin could be due to the role of
Epac1/Rap1 signaling pathway. An alternate hypothesis would be that, since cAMP is known to
activate PKA, the CFTR phosphorylation could result in increased lumen pressure via the
osmotic fluid flow, thereby increasing the E-cadherin force at the junctions. At the same time,
with the cAMP- induced upregulation of pro-apoptotic proteins such as Bim48,49, the inner cells
that lack ECM attachment undergo anoikis (detachment-mediated apoptosis), thereby
maintaining the single central lumen. Lastly, the effect of forskolin in preventing EMT could be a
combination of the above-mentioned hypotheses thus, maintaining tissue homeostasis.
An extension of this work involved examining the role of E-cadherin force in response to
substrates of varying stiffness. Although results from these experiments contradict our overall
hypothesis that a higher E-cadherin force is essential to maintain a single central lumen, an
alternate hypothesis could suggest that compression-induced resistive forces generated by the
cell on the stiffer stroma could result in mechanical tension at the junctions thereby increasing
the E-cadherin force with increase in substrate stiffness. The incidence of acinar luminal filling
with increased substrate stiffness has been previously demonstrated26 and observed in this
research work; thereby supporting prior studies that link increased substrate stiffness with
increased focal adhesion assembly89, collagen linearization68 and integrin clustering71,73.
However, it can be concluded that the increase in E-cadherin force, as observed herein, may
involve several other signaling mechanisms that could be mediated via non-junctional forces.
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CFTR, a cAMP-regulated Cl- and HCO3- anion channel is linked with the maintenance of
epithelial tissue integrity, via its interaction with cell-cell adhesion molecules such as Ecadherin133. Additionally, down-regulation of E-cadherin is linked with tumorigenesis and
subsequent metastases. While mutations in the CFTR gene results in a common autosomal
recessive disorder known as cystic fibrosis, down-regulation of CFTR has also been recently
demonstrated to be involved with poor prognosis of epithelial cancer originating from the breast
and colon106,134. All such disease states being typical reflections of homeostatic disruptions are
linked

with

the

down-regulation

of

E-cadherin40,103,133,134,

which

is

also

a

potent

mechanotransducer. However, the involvement of force on E-cadherin in the maintenance of
tissue homeostasis and prevention of homeostatic disruptions, in three-dimensional model
systems, has not been elucidated so far. In this work, I have been able to show the role of a
higher E-cadherin force in maintaining tissue homeostasis together with a single central lumen,
and also most importantly, in the prevention of homeostatic imbalances as in the case of cystic
fibrosis, and TGF-β1-induced EMT that closely emulates a pre-cancerous state. An impaired
lumen associated with a lower E-cadherin force was observed when CFTR was down-regulated,
which was also the case during TGF-β1-induced EMT, implicating that a higher force on Ecadherin is essential to maintain homeostasis in epithelial tissues. However, the role of CFTR
during TGF-β1-induced EMT, has not been investigated in this work. An extension of this work
would involve analyzing the role of E-cadherin force together with regulation of CFTR
expression during TGF-β1-induced EMT. This may aid in gaining a better understanding of the
requirement of a higher E-cadherin force and/or the stable expression of CFTR in regulating
tissue homeostasis. Thus, through this work, I have been able to demonstrate the role of a
higher E-cadherin force in regulating a single central lumen, thereby maintaining epithelial tissue
homeostasis.
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Future directions
Another extension to this work may include FRET-based force measurement experiments with
the α-catenin L344P vinculin mutant. I hypothesize that the L344P mutant, similar to the
dileucine mutant, will have reduced force on E-cadherin. An additional important control will be
to show that rescue of the alpha catenin KD with wild-type alpha catenin behaves similarly to
unmodified parental cells. The wild-type α-cat rescue phenotype (from the MDCK cell-line)
involves the knockdown of canine α-catenin followed by rescue with wild-type human αcatenin131.

Experiments that involved blockage of the chloride channel CFTR via CFTR (inh)-172 prior to
treatment with forskolin, and analyzed for E-cadherin force 24 hours post Forskolin treatment,
showed a decrease in E-cadherin force as compared to the control and the forskolin treated
acini (Fig.14B). The results from this experiment suggest that blocking the chloride channel
prior to forskolin treatment, affected the E-cadherin force at the cell-cell junctions106. However,
the E-cadherin force was observed to be not much different when compared to acini treated with
CFTR (inh)-172. An extension to this work would involve the up regulation of CFTR, which has
been previously demonstrated to prevent EMT and subsequent metastases106. Furthermore, a
western blot would aid in quantifying the immunofluorescence staining results using EMT
markers.

Currently, the role of forskolin on E-cadherin force in two-dimensional model systems is being
investigated. Preliminary results suggest an increase in E-cadherin force post forskolin
treatment as opposed to the untreated control (Fig.14A). The MDCK cells engineered with the
full-length E-cadherin tension sensor were used for the experimental purpose. Furthermore, an
investigation of the effect of forskolin in preventing TGF-β1-induced EMT in 2D cell-culture
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systems would aid in quantifying the role of forskolin in preventing EMT via increased lumen
pressure. In this context, if the results of this experiment are not in favor of forskolin prevention
of EMT in 2D, this may support the hypothesis that the increased lumen pressure and
subsequent increase in E-cadherin force plays an important part in EMT prevention via
forskolin. However, if the results are contradictory to the proposed hypothesis, prevention of
EMT via forskolin may not be limited to lumen pressure alone, but could involve downstream
signaling events as well. Based on previous literature, the guanine nucleotide exchange factor
Epac1 is known to play a vital role in regulating tissue homeostasis58,59,128. Thus, it would benefit
to analyze the Epac1 signaling pathway, which would aid in narrowing down the key regulators
of cellular homeostasis and establishing the link between chemical signaling as well as
mechanotransduction via E-cadherin. The use of Epac1 or PKA activators can aid in quantifying
the involvement of lumen pressure and/or a chemical signaling event in the prevention of EMT.
On a further note, sequestering luminal pressure from chemical signaling with microinjection of
osmotic beads may aid in quantifying the effect of luminal pressure on E-Cadherin force and
subsequent maintenance of a single central lumen.

A

B

Figure.14. Current work. The full-length E-cadherin tension sensor phenotype was used for the
experimental purpose. (A) FRET-based force measurements for E-cadherin force in response to
forskolin treatment in 2D showed an increase in E-cadherin force (depicted as lower fret ratio),
compared to the untreated control (n=1). (B) FRET-based force measurements for acini treated
65

with the CFTR inhibitor (CFTR(inh)-172) followed by forskolin, indicated a decrease in Ecadherin force, compared to the forskolin treated acini and the untreated control (TS). However,
a difference in force was not observed when compared to acini treated with CFTR(inh)-172
alone, indicating a possibility that the CFTR channel may play an important role in regulating
lumen pressure and subsequent increase in E-cadherin force (n=1).
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